Thelper (Th) lymphocytes, by selective expression of cytokines, control immune reactions and call up distinct immune effector functions (for a review, see reference [1](#R1){ref-type="bib"}). Upon primary activation, naive T cells become instructed for expression of cytokines by costimulatory signals, such as CD28 for IL-2 (for a review, see reference [2](#R2){ref-type="bib"}), IL-4 for IL-4 [3](#R3){ref-type="bib"}, and IL-12 for IFN-γ expression [4](#R4){ref-type="bib"} [5](#R5){ref-type="bib"}. In Th cells, expression of cytokines is transient. After primary activation of Th cells, cytokines are expressed for several days [6](#R6){ref-type="bib"} [7](#R7){ref-type="bib"} [8](#R8){ref-type="bib"} [9](#R9){ref-type="bib"}. Later, the expression of cytokines is memorized by Th cells. When restimulated, they recall expression of those cytokines they had been instructed to express earlier, without requirement for the original costimulator, and to some extent even in the presence of adverse costimulators [10](#R10){ref-type="bib"} [11](#R11){ref-type="bib"} [12](#R12){ref-type="bib"} [13](#R13){ref-type="bib"} [14](#R14){ref-type="bib"}. The molecular basis for cytokine memory in Th lymphocytes is not clear. Recently, several groups have provided evidence for somatic imprinting of cytokine genes in T cells expressing them. Analysis of DNA methylation and DNase I hypersensitivity of the genomic regions of various cytokine genes [15](#R15){ref-type="bib"} [16](#R16){ref-type="bib"} [17](#R17){ref-type="bib"} [18](#R18){ref-type="bib"} [19](#R19){ref-type="bib"} [20](#R20){ref-type="bib"} has shown that those cytokine genes that the T cells had originally expressed remained "accessible" later, and that accessibility is correlated with the ability for expression of the cytokines upon recall stimulation.

The mechanism of epigenetic imprinting of cytokine genes remains obscure. Chromatin remodeling of the IL-4 locus is dependent not only on IL-4R signaling, but also on concomitant TCR signaling [20](#R20){ref-type="bib"}. It is not yet clear how the TCR and IL-4R signaling pathways are connected to mechanisms for epigenetic modification. Recently, several groups have suggested that the instruction of Th cells to express cytokines upon restimulation may relate to proliferation of Th cells after activation. Using carboxyfluorescein to analyze cytokine expression in correlation with the proliferative history of activated Th cells, Gett and Hodgkin [21](#R21){ref-type="bib"} have claimed that distinct cytokines are expressed in Th cells that had undergone distinct numbers of cell cycles, independent of the duration of Th cell activation. Bird et al. [19](#R19){ref-type="bib"}, basically using the same approach, have claimed that for the instruction to express IFN-γ upon restimulation, a Th cell must have entered the S phase of the first cell cycle after activation, whereas for the instruction to express IL-4, the cell would have to progress through at least three full cell cycles. Thus, cytokine genes would differ in their ability to count cell cycles and convert this information into a stable imprint for expression.

We show here that naive Th cells, when activated, are able to express IL-4 and IL-10 upon restimulation before they have divided. The instruction for expression of IL-4 requires the entry of the cell into the S phase of the first cell cycle after onset of primary activation. Instruction to express IL-10 requires progression of the activated T cell into the M phase. Priming of Th cells to express IL-4 upon restimulation is induced by concomitant signaling through the TCR and IL-4R and does not require entry of the activated cell into the cell cycle.

Materials and Methods
=====================

Mice.
-----

Mice homozygously transgenic (tg)^1^ for the DO11.10 α/β-TCR (OVA-TCR^tg/tg^ [22](#R22){ref-type="bib"}) on BALB/c background (gift from Dennis Y. Loh, Washington University School of Medicine, St. Louis, MO) and BALB/c mice were bred under specific pathogen-free conditions in our animal facility. All animal experiments were performed in accordance with institutional, state, and federal guidelines.

Isolation of Naive CD62L*^+^*CD4*^+^* Cells and Labeling with CFSE.
-------------------------------------------------------------------

Magnetic isolation of naive CD62L^+^CD4^+^ T cells was performed using two-parameter high-gradient magnetic cell separation (MACS \[11\]). Splenic cells from OVA-TCR^tg/tg^ mice were stained with FITC-conjugated anti-CD4 mAb (GK1.5 [23](#R23){ref-type="bib"}) and MultiSort anti-FITC microbeads (Miltenyi Biotec). CD4^+^ cells were isolated by positive selection on VS^+^ columns using the MidiMACS system (Miltenyi Biotec [24](#R24){ref-type="bib"}). After release of MultiSort microbeads, the CD4^+^ cells were stained with anti-CD62L MACS microbeads (Miltenyi Biotec). CD62L^+^CD4^+^ cells were positively selected on VS^+^ columns to a purity of \>99%, as determined by cytometric analysis.

Labeling of naive CD62L^+^CD4^+^ cells with 5-(and 6-)carboxyfluorescein diacetate, succinimidyl ester (CFSE; Molecular Probes) was performed as described [25](#R25){ref-type="bib"}. In brief, cells were washed and resuspended at a concentration of 10^7^/ml in PBS. CFSE was added at a final concentration of 5 μM and incubated for 5 min at room temperature. The reaction was stopped by washing the cells with RPMI 1640 (Life Technologies) containing 10% FCS (Sigma Chemical Co.).

Cell Culture.
-------------

Cell cultures were set up with 2 × 10^6^ cells/ml in complete RPMI 1640, containing 10% FCS, 100 U/ml penicillin, 0.1 mg/ml streptomycin, 0.3 mg/ml glutamine, and 10 μM 2-ME. The antigenic peptide OVA~323--339~ (Neosystem) was used at 0.5 μM. Irradiated spleen cells (3,000 rad) from BALB/c mice were used as APCs for OVA-TCR^tg/tg^ T cells at a 5:1 ratio. Th cell cultures were split on day 2 or day 3.

Recombinant murine IL-12 (gift from Maurice Gately, Hoffmann-La Roche, Nutley, NJ) was used at 1 ng/ml and neutralizing anti--IL-4 mAb (11B11 [26](#R26){ref-type="bib"}) at 6 μg/ml. IL-4 was added at 30 ng/ml (culture supernatant of murine myeloma cell line P3-X63 Ag.8.653 transfected with murine IL-4 cDNA [27](#R27){ref-type="bib"}), anti--IFN-γ mAb (AN18.17.24 [28](#R28){ref-type="bib"}) at 5 μg/ml, and anti--IL-12 mAb (C17.8.6 [29](#R29){ref-type="bib"}) at 6 μg/ml. Recombinant human IL-2 (Hoffmann-La Roche) was used at 50 U/ml where indicated.

Progression of the cell cycle was inhibited by supplement of the following drugs: 300 μM [l]{.smallcaps}-mimosine (ICN [30](#R30){ref-type="bib"}), 2 μg/ml aphidicolin (Sigma Chemical Co. [31](#R31){ref-type="bib"}), 1 μg/ml nocodazole (Sigma Chemical Co. [32](#R32){ref-type="bib"}), or 200 nM paclitaxel (ICN [33](#R33){ref-type="bib"}). In the presence of the inhibitors, 86--93% of the Th cells were viable on day 2 and 62--83% on day 3, with 83% for [l]{.smallcaps}-mimosine. Without inhibitors, 95% viable Th cells were detectable on day 2 and 90% on day 3 according to staining with propidium iodide, in the experiment shown in [Fig. 4](#F4){ref-type="fig"}. Calculating back from the numbers of Th cells in the various generations to the number of naive Th cells that had proliferated in culture, an estimated \>50% of originally seeded cells were represented even after 4 d of culture. Also in the cultures with cell cycle inhibitors, 40--60% of the starting Th cells were still alive on day 2, and at least 20% on day 4, in the presence of [l]{.smallcaps}-mimosine. In all experiments using cell cycle inhibitors, they were also added to washing buffers and during the restimulation with PMA/ionomycin.

Activation of Th cells was controlled by staining with anti-CD25 (PharMingen), anti-CD44 (IM7.8.1 [34](#R34){ref-type="bib"}), anti-CD62L (MEL14 [35](#R35){ref-type="bib"}), and anti-CD69 (PharMingen). In the experiment described in [Fig. 7](#F7){ref-type="fig"}, activation of naive Th cells immediately after isolation resulted in 76% CD25^+^ Th cells 36 h after onset of activation. Without TCR triggering, 17--30% and 8--25% of the originally seeded naive Th cells survived for 72 and 96 h, respectively. Cells treated with IL-4 showed the higher and cells cultivated without IL-4 the lower survival rate. Of the remaining Th cells, 50--62.5% and 41.9--59%, cultivated for 72 and 96 h respectively, reacted to TCR stimulation with upregulation of CD25, analyzed 36 h after activation by antigen and APCs.

Four-Color Cytometric Analysis of Expression of Intracellular Cytokines and Surface Markers versus Proliferation.
-----------------------------------------------------------------------------------------------------------------

Cells (2 × 10^6^/ml) were restimulated with 10 ng/ml PMA and 1 μg/ml ionomycin (both Sigma Chemical Co.) for 5 h. Brefeldin A (Sigma Chemical Co.) was added at 5 μg/ml for the last 3 h of stimulation. Cells were then fixed with 2% formaldehyde [6](#R6){ref-type="bib"}. For intracellular cytokine staining, cells were permeabilized with 0.5% saponin (Sigma Chemical Co.) in PBS/BSA/azide and incubated with the following cytokine-specific mAbs: PE-coupled anti--IL-4 (11B11), anti--IL-5 (TRFK5), and anti--IL-10 (JES5-16E3) at 3 μg/ml (PharMingen); digoxigenin (Dig)-conjugated anti--IL-2 (S4B6 [36](#R36){ref-type="bib"}) at 3 μg/ml, anti--IL-4 (11B11) at 1 μg/ml, anti--IL-10 (JES5-2A5 \[[37](#R37){ref-type="bib"}, [38](#R38){ref-type="bib"}\]) at 1.5 μg/ml, anti--IFN-γ (AN18.17.24) at 1 μg/ml, and anti--TNF-α (MP6-XT22; PharMingen) at 1 μg/ml. Digoxigenized primary mAbs were detected with anti-Dig Fab fragments (Boehringer Mannheim) conjugated to Cy5. Anti-Dig--Cy5 and PE-labeled isotype control mAbs (3 μg/ml; PharMingen) were used as controls. In parallel, the specificity of the staining for intracellular IL-4 and IL-10 was controlled by blocking the staining of digoxigenized anticytokine mAbs by incubating the cells 15 min before and during the staining of IL-4 and IL-10, with an excess of the respective unconjugated anticytokine mAbs. OVA-TCR^tg/tg^ cells were identified according to staining with the clonotypic mAb KJ1-26.1 [39](#R39){ref-type="bib"}. Four-color cytometric analysis of intracellular cytokines and cell proliferation was performed by gating on KJ1-26.1^+^ lymphocytes and on individual cell generations, identified by CFSE staining. In cells of these subpopulations, coexpression of two cytokines was analyzed as indicated. The population of undivided Th cells was identified according to CFSE staining intensity of nonactivated, KJ1-26.1^−^ Th cells in the same cultures.

Cytometric analysis was performed on a FACSCalibur™ using CELLQuest™ research software (Becton Dickinson). Dead cells were excluded according to forward and side scatter and staining with propidium iodide (0.4 μg/ml).

Statistical Analysis of Cytokine Coexpression.
----------------------------------------------

The observed (obs.) frequencies of cytokine-coexpressing cells were compared with the expected (exp.) values calculated for random coincidence of two independent variables using the test for phi (φ) correlation coefficients (values ranging from −1 to 1) [40](#R40){ref-type="bib"}. A φ value of −1 indicates that two analyzed cytokines are never coexpressed, a value of 0 identifies random coexpression, and a φ coefficient of 1 marks a pair of cytokines that is always coexpressed in individual cells. We observed only φ values ≥ 0 [41](#R41){ref-type="bib"}.

Results
=======

Instruction of Th Cells to Express Cytokines upon Restimulation Is Correlated with But Not Dependent on Cell Proliferation.
---------------------------------------------------------------------------------------------------------------------------

Here we analyze whether cellular proliferation is involved in the regulation of cytokine expression during Th cell differentiation from naive precursors into cytokine-producing cells. Naive CD62L^+^CD4^+^ cells were purified to \>99% from the spleens of OVA-TCR^tg/tg^ BALB/c mice by two-parameter MACS. The isolated cells were labeled with CFSE, allowing for the cytometric discrimination of individual generations of proliferating cells. CFSE-labeled, naive, OVA-specific Th cells were stimulated with the antigenic peptide OVA~323--339~ and congenic APCs, i.e., irradiated BALB/c splenocytes, either in the presence of IL-12 and anti--IL-4, to analyze expression of IFN-γ, IL-2, and TNF-α, or in the presence of IL-4, anti--IL-12, and anti--IFN-γ, to analyze expression of IL-4, IL-5, and IL-10. Expression of the cytokines was evaluated by intracellular immunofluorescence, after recall stimulation of the cells with PMA/ionomycin, at various time points after primary activation. The frequencies of cytokine-expressing Th cells were determined for each T cell population that had undergone a defined number of cell divisions, according to CFSE staining, as shown in [Fig. 1](#F1){ref-type="fig"} A. In [Fig. 1](#F1){ref-type="fig"} B, the frequencies of cells capable of expressing the various cytokines at different time points of stimulation are compared for cells of different generations. Cells that had not divided could be analyzed up to day 2 in IL-4--supplemented cultures and up to day 3 in IL-12--supplemented cultures. In those cells, expression of IFN-γ, IL-2, TNF-α, IL-4, and IL-10 was clearly detectable, revealing that the expression of these cytokines in Th cells does not require cell division. For IL-5, the low frequency of expressing cells did not allow us to make a reliable statement.

In cells that had divided from one up to seven times, we observed expression of all cytokines analyzed, generally at higher frequencies in populations that had divided more often. For example, IL-4 was expressed on day 5 by 10.8% of the cells that had divided three times but by 30.7% of the cells that had divided seven times. IL-10 was expressed on day 5 by 7.4% of cells divided three times and by 23.1 and 21.8% of cells divided six and seven times. Within a given generation, the frequencies of cytokine-producing cells were not constant but varied over time of stimulation. For cells divided five times, the frequencies of IL-4--expressing cells rose from 9.7% on day 3 to 20.9 and 20.4% on days 4 and 5 and then dropped to 10.1% on day 6. In summary, the ability of primarily activated Th cells to produce IL-4, IL-10, and IFN-γ upon restimulation is correlated with but not dependent on cell proliferation.

The degree of coexpression of the cytokines IL-2, IL-4, and IL-10 is not correlated with the proliferative activity of Th cells, showing that the Th cells are not sequentially instructed to express the various cytokine genes upon restimulation. φ correlation coefficients for the simultaneous expression of two cytokines in individual Th cells were calculated for the total population and separately for cells of each generation at various time points after initial activation and polarization with IL-4 ([Table](#T1){ref-type="table"}). In the total cell population, the cytokines IL-2 and IL-4 were expressed independently of each other until day 4, with φ values ranging from 0.03 to 0.04. On day 5 and day 6, expression was correlated with φ = 0.13 and φ = 0.23. φ correlation coefficients for IL-4 and IL-10 rose from 0.11 on day 3 to 0.34 on day 5. φ values for IL-2 and IL-10 coexpression ranged from 0.02 on day 4 to 0.06 on days 5 and 6. The correlation of cytokine coexpression in cells of different generations at each time point analyzed was similar to that of the total populations at that time point. As shown in [Fig. 2](#F2){ref-type="fig"} for cells of the seventh generation, analyzed on days 4 and 6 after priming, cells with a given record of cell divisions showed an increased coexpression of IL-2 and IL-4, whereas coefficients of IL-4 and IL-10 coexpression and IL-2 and IL-10 coexpression were similar at both time points. Thus, a certain number of cell cycles is not linked to a certain degree of cytokine coexpression nor does higher division number necessarily imply a higher probability of cytokine coexpression, arguing against the idea of a cell cycle counting mechanism being involved in the instruction of Th cells to express cytokines upon restimulation, with different cell cycle numbers required for each cytokine [21](#R21){ref-type="bib"}.

Instruction for IL-4 and IL-10 Expression Requires Progression of Th Cells into the S Phase.
--------------------------------------------------------------------------------------------

We have analyzed the time point when Th cells become first instructed to express IL-4 upon later restimulation. CFSE-labeled, naive CD62L^+^CD4^+^ OVA-TCR^tg/tg^ cells were activated with antigen, APCs, IL-4, anti--IL-12, and anti--IFN-γ, and analyzed for expression of IL-4 and IL-2 after recall stimulation with PMA/ionomycin ([Fig. 3](#F3){ref-type="fig"}). Although IL-2 production was inducible in naive Th cells and those activated for 17 and 42 h, IL-4 was expressed neither by naive Th cells nor by cells stimulated for 17 h. 42 h after onset of primary activation, IL-4 expression was readily detectable after restimulation both in cells that had divided once or twice, and in cells that had not divided, at frequencies ranging from 2.5 to 6.2%.

Since instruction of Th cells to express IL-4 upon restimulation is not dependent on completion of the first cell division after initial activation, as shown above, we analyzed next whether entry of the cells into the first cell cycle may be required. Using inhibitors to arrest activated Th cells in different phases of the first cell cycle, we determined the frequencies of Th cells that were induced to express IL-4, IL-10, and IL-2 after PMA/ionomycin restimulation ([Fig. 4](#F4){ref-type="fig"}). The analysis was performed 3 d after onset of primary activation, when a high frequency of cells was expected to express IL-4 and/or IL-10 upon restimulation ([Fig. 1](#F1){ref-type="fig"} B). At that time point, nonarrested cells had divided up to four times with 17.7--32.6% of them expressing IL-4, 6.9--17.9% IL-10, and 3.7--14.4% IL-2. In contrast, cells arrested with [l]{.smallcaps}-mimosine in the late G1 phase of the first cell cycle expressed neither IL-4 nor IL-10. IL-2 expression was clearly detectable in 6.2% of these cells. For cells that had been allowed to progress into the early S phase and had been arrested by aphidicolin, blocking the elongation process during DNA replication, 2.6% expressed IL-4 and 0.4% IL-10. When cells were arrested in the G2/M phase of the first cell cycle by nocodazole, inhibiting the formation of metaphase microtubules, i.e., the initiation of metaphase, 14.9% produced IL-4 and 1.1% IL-10. When arrested with paclitaxel, which prevents depolymerization of microtubules in metaphase, i.e., metaphase/anaphase transition, 37% of the cells expressed IL-4 and 14.7% IL-10.

To exclude that the observed differences in the abilities of Th cells to express the various cytokines upon restimulation were caused by decreased overall Th cell activation in cultures with cell cycle inhibitors, expression of the markers of Th cell activation CD25, CD44, CD62L, and CD69 was analyzed in comparison with expression of IL-2 ([Fig. 5](#F5){ref-type="fig"}). None of the cell cycle inhibitors could block expression of any of the activation markers CD25, CD44, and CD69, or prevent downregulation of expression of CD62L, which occurs after Th cell activation, or block expression of IL-2.

Priming of Th Cells to Become Instructed for IL-4 Expression Is Independent of DNA Synthesis.
---------------------------------------------------------------------------------------------

The above results show that processes of the early S phase of the first cell cycle after initial activation are involved in instructing Th lymphocytes for IL-4 expression upon restimulation. We now analyzed whether Th cells can be primed to become instructed for IL-4 expression, independently of entry into cell cycling. As illustrated in [Fig. 6](#F6){ref-type="fig"} A, we activated CFSE-labeled, naive CD62L^+^CD4^+^ OVA-TCR^tg/tg^ Th cells in the presence of [l]{.smallcaps}-mimosine for 2 d, to prevent the S phase--dependent instruction of the cells for IL-4 expression. IL-4 and antigen were removed from the culture after 1 d, and anti--IL-4 was added. After 2 d, [l]{.smallcaps}-mimosine was also removed, and the cells were further cultivated for 2 d in the absence of antigen and IL-4. At that time, some cells had undergone one or two cell divisions, and all cells were examined for their ability to express IL-4, IL-10, and IL-2 upon recall stimulation with PMA/ionomycin ([Fig. 6](#F6){ref-type="fig"} B). Compared with the previous experiments, the overall frequencies of IL-4--expressing cells were reduced and IL-2 levels were enhanced in the control cell population, which had not been blocked by [l]{.smallcaps}-mimosine. This was probably because IL-4 had only been added for the first day of stimulation, and had been blocked throughout the last 3 d. However, IL-4--expressing cells were clearly detectable in cells of all generations, at frequencies ranging from 0.9 to 7.0%. As expected, control cultures with permanent inhibition of DNA synthesis by [l]{.smallcaps}-mimosine showed no IL-4--expressing cells.

Stimulating naive Th cells with antigen and IL-4, while inhibiting instruction of the Th cells for IL-4 expression with [l]{.smallcaps}-mimosine, led to priming of the cells to become instructed later, when relieved from [l]{.smallcaps}-mimosine, and allowed to enter S phase. After 2 d of culture in the absence of [l]{.smallcaps}-mimosine, 6.7, 8.5, and 4.1% of IL-4--expressing cells could be readily detected among cells that had divided once or twice or not at all. This priming of Th cells to become instructed for expression of cytokines upon restimulation, as induced by IL-4, was restricted to IL-4. Expression of IL-10 was not detectable on day 4 at significant levels in any of the cell populations initially activated in the presence of antigen and IL-4 for only the first day.

Priming for IL-4 Instruction Requires Simultaneous IL-4R and TCR Triggering.
----------------------------------------------------------------------------

Inhibiting the entry of an activated T cell into the S phase of the first cell cycle by [l]{.smallcaps}-mimosine had shown that Th cells can maintain the signal(s) for instruction of IL-4 expression for at least 1 d. Is this priming due to signaling via the IL-4R alone, or is signaling of the TCR also required? To analyze this, naive Th cells were first stimulated with IL-4 for 36 h, then with antigen at various time points after removal of IL-4, before they were analyzed for expression of IL-4 upon restimulation.

CFSE-labeled, naive CD62L^+^CD4^+^ OVA-TCR^tg/tg^ Th cells were stimulated with IL-4, but not with antigen, in the presence of anti--IL-12 and anti--IFN-γ. After 36 h, IL-4 was removed and anti--IL-4 was added to the cultures. After 72 or 96 h, the Th cells were stimulated with antigen and APCs. Induction of IL-4 expression was compared in these cells with Th cells that had been activated as described above, but either in the presence or absence of IL-4 for the entire culture period, and with Th cells that had been stimulated directly after isolation with or without IL-4, antigen, and APCs for 36 h. In all cultures, the antigen was withdrawn 36 h after it was added. On day 4 after onset of stimulation with antigen and APCs, the cells were restimulated with PMA/ionomycin and analyzed for expression of IL-4, IL-10, and IL-2 by intracellular immunofluorescence.

2.6% of the Th cells that had been activated simultaneously and directly after isolation with antigen, APCs, and IL-4 for 36 h expressed IL-4, compared with 0.2% of Th cells activated alike but without IL-4 ([Fig. 7](#F7){ref-type="fig"}). Of the Th cells that had been activated 72 or 96 h after isolation with antigen and APCs for 36 h, 2.8 and 4.3% expressed IL-4, if they had been exposed to IL-4 for the entire culture period, and only 0.5 and 0.8% if not. Cells that had been stimulated with IL-4 for 36 h, but IL-4 then having been withdrawn for another 36 or 60 h before TCR stimulation, did not express IL-4 at higher frequencies than those cells that had never been exposed to IL-4 in vitro (0.3 and 0.6% vs. 0.5 and 0.8%). Thus, the initial stimulation with IL-4 for 36 h in the absence of TCR triggering did not result in priming for IL-4 instruction. According to CFSE staining, the various cell populations showed similar proliferation activities under all culture conditions after antigen stimulation (data not shown).

IL-10 was hardly detectable in cell populations that had been activated with IL-4 for only 36 h. However, in those cultures containing IL-4 for the entire culture period, IL-10 was expressed by 15.5 and 23.5% of the cells. IL-2 was expressed in all Th cell populations at high frequencies, except those that had been incubated with IL-4 all the time and that expressed IL-10 at high frequencies. IL-2 and IL-10 expression and the analysis of proliferation using CFSE staining indicate that the Th cells were still able to respond to TCR stimulation, even 72 and 96 h after isolation, and that their failure to react with expression of IL-4 is due to a lack of priming for IL-4 expression. From this experiment, it is clear that simultaneous IL-4R and TCR stimulation is required to prime a Th cell to become instructed for IL-4 recall expression.

Discussion
==========

Cytokine expression in Th lymphocytes is transient, but can be memorized by the cells upon neutral or even adverse restimulation [6](#R6){ref-type="bib"} [7](#R7){ref-type="bib"} [8](#R8){ref-type="bib"} [9](#R9){ref-type="bib"} [10](#R10){ref-type="bib"} [11](#R11){ref-type="bib"} [12](#R12){ref-type="bib"} [13](#R13){ref-type="bib"} [14](#R14){ref-type="bib"}. Here we show that in primarily activated Th lymphocytes, entry into the first cell cycle is required and sufficient to instruct the Th cells to produce IL-4 and IL-10 upon restimulation, whereas IL-2 expression is independent of cell cycling. Moreover, independently of DNA synthesis, Th cells are primed to become instructed for IL-4 recall expression, by simultaneous signaling via IL-4R and TCR but not IL-4R alone. This coordinate signaling can be maintained for at least 1 d.

Two groups have recently used a similar technical approach to analyze the dependency of cytokine expression on proliferation in activated T cells [19](#R19){ref-type="bib"} [21](#R21){ref-type="bib"}. Gett and Hodgkin [21](#R21){ref-type="bib"} claim that cell cycling may act as an intrinsic clock, allowing expression of distinct cytokines time-independently only after a certain number of cell divisions. We find a similar correlation between proliferative activity of the cells and their capacity to express cytokines. However, already in activated but nondivided Th cell populations, cells expressing IL-2, IL-4, IL-10, IFN-γ, and TNF-α are clearly detectable. Our results rule out the possibility that even completion of the first cell cycle after activation is required to allow expression of any of these cytokines upon restimulation. Moreover, if cell division controlled the successive expression of various cytokine genes, the frequencies of cells coexpressing cytokines, which are switched on early and later, would increase in correlation to proliferation rather than time. We find here that coexpression of any two of the cytokines IL-2, IL-4, and IL-10 is not correlated with the number of cell divisions a cell has performed after activation.

However, in cells that had divided a given number of times, the capacity for cytokine expression was correlated to the time of stimulation. We did not observe differentiation of Th cells for IL-4 expression as early as 17 h after primary stimulation. After 42 h, IL-4--producing cells were evident upon restimulation, also in the nondivided population. The time required to become instructed for IL-4 expression after recall stimulation could reflect the time needed by a naive Th cell to progress into the S phase of the first cell cycle after activation. The correlative increase in frequencies of cells expressing cytokines with increasing number of cell cycles performed may rather be explained by assuming that the cells get instructed for cytokine expression not only in the first but also in later cell generations, increasing the frequencies of cytokine-expressing cells among those cell populations that have divided most often.

Bird et al. [19](#R19){ref-type="bib"} report that instruction of an activated Th cell to express IFN-γ requires entry of the cells into the S phase of the first cell cycle, whereas cells would have to complete three cell cycles to become instructed for IL-4 expression. In contrast, we find Th cells instructed for expression of IL-4 already in the nondivided population, but only among those cells that had entered the S phase of the first cell cycle. We can exclude that the IL-4--expressing Th cells we observe are preactivated Th cells, since none of the purified naive Th cells or Th cells stimulated for 17 h with antigen expressed IL-4 upon restimulation. The reason for the discrepancy between the present data and those of Bird et al. [19](#R19){ref-type="bib"} could be the overall lower frequency of IL-4--expressing cells in the cultures of Bird et al., making it difficult to identify them in the nondivided cell population. Gett and Hodgkin [21](#R21){ref-type="bib"}, analyzing the capacity for IL-4 expression in Th cells once divided, apparently detected a low frequency of IL-4--expressing cells but did not check expression of IL-4 in nondivided cells. Taking the work of Bird et al. [19](#R19){ref-type="bib"} and our results together, instruction of Th cells for IFN-γ, IL-4, or IL-10 expression requires the cells to enter the S phase of the first cell cycle after activation, pointing to a common molecular mechanism for instruction of the cells to express these "effector" cytokines upon restimulation. For IL-10 instruction, the cells apparently have to complete the S phase. IL-2 expression in naive cells does not seem to require entry into the cell cycle. It is likely that those cells have already been instructed for IL-2 expression in the thymus [20](#R20){ref-type="bib"} [42](#R42){ref-type="bib"}.

The molecular basis for instruction of Th cells to express particular cytokines after restimulation is less clear, as is its stability and plasticity. Apart from cytokine-dependent modulations of the signaling and transcription repertoire of Th cells expressing particular cytokines, restricting their potential to respond to signals inducing expression of other cytokines [43](#R43){ref-type="bib"} [44](#R44){ref-type="bib"} [45](#R45){ref-type="bib"} [46](#R46){ref-type="bib"} [47](#R47){ref-type="bib"} [48](#R48){ref-type="bib"} [49](#R49){ref-type="bib"}, modifications of the cytokine gene loci themselves have been demonstrated. Demethylation has been described for the DNA comprising the IL-3, IL-4, IL-5, or IFN-γ genes of Th cell lines, clones, and ex vivo--activated T cell populations containing cells expressing the respective cytokines upon restimulation [15](#R15){ref-type="bib"} [16](#R16){ref-type="bib"} [17](#R17){ref-type="bib"} [19](#R19){ref-type="bib"}. Furthermore, it has been shown for such T cell populations that transcription of the IL-4, IL-13, and IFN-γ genes parallels the appearance of particular DNase I hypersensitive sites within the expressed cytokine gene loci [18](#R18){ref-type="bib"} [20](#R20){ref-type="bib"}. These results suggest that the instruction for expression of particular cytokines might be maintained in Th cells by epigenetic somatic imprinting of the respective cytokine gene loci.

The initiation of the somatic imprinting of cytokine genes remains enigmatic. This is even more so in light of the monoallelic expression of cytokine genes in many Th cells, suggesting that the instruction of a Th cell to express a particular cytokine is a stochastic event for each allele in a given population of Th cells [50](#R50){ref-type="bib"} [51](#R51){ref-type="bib"} [52](#R52){ref-type="bib"} [53](#R53){ref-type="bib"}. We describe here that instruction of a Th cell for IL-4 and IL-10 recall expression is dependent on progression of the activated Th cell through the S phase of the first cell cycle, while Bird et al. [19](#R19){ref-type="bib"} have shown the same for IFN-γ. The most obvious characteristic of the S phase of the first cell cycle is that the first DNA synthesis after activation of the naive T cell occurs. One might speculate that an epigenetic modification of the DNA, most likely demethylation, may be the molecular correlate of cytokine gene instruction. How would demethylation be targeted to the cytokine gene locus? The presence of sequence- or site-specific demethylating enzymes has not been demonstrated to date [54](#R54){ref-type="bib"}. "Unspecific" demethylation machineries would have to be directed to a particular area of DNA, most likely by flagging of the DNA through sequence-specific proteins, which may or may not belong to the transcription machinery. We here provide indirect evidence for such a flagging of cytokine genes for molecular modification. Th cells that had been activated via TCR and IL-4R, but inhibited to enter the cell cycle, are primed to become instructed for IL-4 expression later, when allowed to progress through S phase, even in the absence of the inductive stimuli. For the priming for IL-4 instruction, signaling by IL-4 alone or sequential stimulation by IL-4 and antigen is not sufficient. The IL-4R and TCR have to be stimulated simultaneously, although it cannot be excluded at present that activation by antigen, followed by IL-4 stimulation, would not work as well. This is in accordance with the results of Agarwal and Rao [20](#R20){ref-type="bib"}, who showed that chromatin remodeling of the IL-4 gene is detectable only after stimulation of naive Th cells with IL-4 and anti-CD3 and not with IL-4 alone.

Default induction of IL-4 expression is dependent on IL-4R/signal transducer and activator of transcription (STAT)6 signaling [55](#R55){ref-type="bib"} [56](#R56){ref-type="bib"} [57](#R57){ref-type="bib"}. However, IL-4R-- or STAT6-independent IL-4 induction has also been observed. An IL-4--independent pathway for the induction of IL-4 has been demonstrated in IL-4R--deficient NK T cells [58](#R58){ref-type="bib"}. IL-4 expression is also inducible in CD3^+^ T cells deficient for STAT6 and BCL-6 [59](#R59){ref-type="bib"}, suggesting a role for BCL-6 as an inhibitor of IL-4 expression, probably by competing with STAT6 for DNA binding motifs [60](#R60){ref-type="bib"}. According to the present results, in wild-type cells components of both the IL-4R and TCR signaling pathways are required to prime Th cells for IL-4 instruction. Evidence has been obtained that STAT6 is crucial for chromatin remodeling and expression of IL-4, using STAT6-deficient cells [19](#R19){ref-type="bib"}. In those cells, expression of IL-4 could be induced by trichostatin A, an inhibitor of histone deacetylation (i.e., an activator of nucleosome displacement), and azacytidine, preventing DNA methylation. For STAT6, as well as for nuclear factor of activated T cells (NFAT)1 and activating protein 1 (AP-1), involved in TCR signaling, binding to and activation by the coactivators p300/cAMP response element--binding protein (CREB)--binding protein (CBP), which exhibit histone acetyltransferase activity, have been described [61](#R61){ref-type="bib"} [62](#R62){ref-type="bib"} [63](#R63){ref-type="bib"} [64](#R64){ref-type="bib"}. In line with this, BCL-6, the inhibitor of STAT6, binds to silencing mediator of retinoid and thyroid receptor (SMRT), a protein able to recruit histone deacetylase activity [65](#R65){ref-type="bib"} [66](#R66){ref-type="bib"}.

The speculative sequence of events for induction of molecular memory of cytokine expression appears to be IL-4R-- and TCR-mediated chromatin rearrangement by specific acetylation of histones, perhaps involving STAT6 and displacement of BCL-6, followed by binding of specific, yet unidentified flagging factors to the DNA of the cytokine gene locus of the primed cell, in the G0/G1 phase preceding the first cell cycle of the activated cell. Finally, imprinting of the cytokine gene locus by demethylation during the S phase of the first cell cycle after activation would provide the molecular basis for cytokine memory.
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Coexpression of Cytokines in Individual Cells in Correlation with Proliferation

                       Cell generation                                                                  
  ------------ ------- ----------------- ------ ------ ------ ------ ------ ------ ------ ------ ------ ------
  IL-2/IL-4    Day 2   0.07              0.06   0.14                                                    0.04
               Day 3                            0.01   0.07   0.07   0.07                               0.03
               Day 4                                          0.08   0.10   0.04   0.06                 0.04
               Day 5                                                 0.24   0.18   0.18   0.15          0.13
               Day 6                                                        0.28   0.24   0.27   0.23   0.23
  IL-4/IL-10   Day 3                            0.10   0.11   0.15   0.08                               0.11
               Day 4                                          0.24   0.25   0.24   0.22                 0.23
               Day 5                                                 0.30   0.39   0.38   0.37          0.34
               Day 6                                                        0.21   0.24   0.27   0.22   0.26
  IL-2/IL-10   Day 4                                          0.04   0.00   0.04   0.02                 0.02
               Day 5                                                 0.00   0.12   0.14   0.09          0.06
               Day 6                                                        0.06   0.06   0.08   0.04   0.06

CFSE-labeled, naive CD62L^+^CD4^+^ OVA-TCR^tg/tg^ cells were activated with OVA~323--339~ and APCs in the presence of IL-4, anti--IL-12, and anti--IFN-γ. From day 2 to day 6, samples were restimulated and analyzed for the simultaneous expression of IL-2 and IL-4, IL-4 and IL-10, and IL-2 and IL-10 in individual cell generations and in the total cell population of OVA-TCR^+^ cells. Phi (φ) correlation coefficients are given.

###### 

Correlation of cytokine expression with proliferation of activated Th lymphocytes. CFSE-labeled, naive CD62L^+^CD4^+^ OVA-TCR^tg/tg^ cells were stimulated with OVA~323--339~ and APCs either in the presence of IL-12 and anti--IL-4 for the analysis of IFN-γ, IL-2, and TNF-α expression, or with IL-4, anti--IL-12, and anti--IFN-γ for the analysis of IL-4, IL-5, and IL-10 expression. Cells were restimulated with PMA/ionomycin after 2--6 d. After fixation and permeabilization, the cells were intracellularly stained for cytokines. (A) Flow-cytometric analysis of cytokine expression in OVA-TCR^+^ Th cells of different generations, restimulated at day 3 after primary activation. For analysis, gates were set on OVA-TCR^+^ Th cells, identified by the clonotype-specific mAb KJ1-26. To determine the frequencies of cytokine-expressing OVA-TCR^+^ Th cells, regions were set according to the control stainings, using the secondary detection antibody or PE-conjugated isotype control mAb. The percentages of IFN-γ-- and IL-4--expressing Th cells are plotted for the individual cell generations. The number and position of individual cell generations are indicated above the dot plots according to CFSE intensity of nondivided and nonstimulated OVA-TCR^−^ Th cells. (B) Percentages of cytokine-positive OVA-TCR^+^ Th cells at different time points after priming within the total cell populations (solid line), and in cells of different generations (dashed lines). Indicated frequencies include subtraction of the respective control staining values (background frequencies).
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![Cytokine coexpression of seven times divided Th cells on days 4 and 6 after activation. CFSE-labeled, naive CD62L^+^ CD4^+^ OVA-TCR^tg/tg^ cells were activated with OVA~323--339~ and APCs in the presence of IL-4, anti--IL-12, and anti--IFN-γ. Cells were restimulated on days 4 and 6 after priming. By gating on OVA-TCR^+^ cells and on cells of the seventh generation, cells were analyzed for the simultaneous expression of two of the cytokines IL-2, IL-4, and IL-10. The observed percentages (obs.) of cytokine-positive cells are shown in each quadrant, set according to the control stainings. In addition, the expected frequencies (exp.) calculated for random coincidence of two independent variables, and the correlation coefficient (φ) of the respective cytokine pair are indicated.](JEM990696.f2){#F2}

![Instruction for IL-4 expression after primary activation of Th lymphocytes. Naive CD62L^+^CD4^+^ OVA-TCR^tg/tg^ cells were either directly stimulated with PMA/ionomycin or they were labeled with CFSE and activated for 17 or 42 h with OVA~323--339~ and APCs in the presence of IL-4, anti--IL-12, and anti--IFN-γ before PMA/ionomycin recall. Intracellular IL-4 and IL-2 expression were examined among OVA-TCR^+^ cells. The specificity of the intracellular IL-4 staining was controlled by blocking the digoxigenized anti--IL-4 detection mAb with an excess of the unconjugated anti--IL-4 mAb. Indicated frequencies of IL-2--producing cells have been corrected for the background frequencies of the respective control stainings.](JEM990696.f3){#F3}

![Instruction for IL-4 and IL-10 expression during the first cell cycle after primary activation. CFSE-labeled, naive CD62L^+^CD4^+^ OVA-TCR^tg/tg^ cells were activated with OVA~323--339~ and APCs in the presence of IL-4, anti--IL-12, and anti--IFN-γ for 3 d either with or without inhibitors of cell cycle progression. After restimulation with PMA/ionomycin in the presence or absence of cell cycle inhibitors, cells were analyzed for the expression of IL-4, IL-10, and IL-2. Intracellular stainings for IL-4 and IL-10 were controlled by blocking the digoxigenized anticytokine detection mAbs with an excess of the respective unconjugated anticytokine mAbs (data not shown). Frequencies of cytokine-positive OVA-TCR^+^ cells in the indicated generations are corrected for background frequencies.](JEM990696.f4){#F4}
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Priming for IL-4 instruction is independent of cell cycling. (A) CFSE-labeled, naive CD62L^+^CD4^+^ OVA-TCR^tg/tg^ cells were stimulated with OVA~323--339~, APCs, IL-4, anti--IL-12, and anti--IFN-γ in the presence of [l]{.smallcaps}-mimosine. After 1 d of priming, IL-4 and the antigen were removed and anti--IL-4 and IL-2 added, while [l]{.smallcaps}-mimosine was added for an additional 1 d. 2 d after onset of stimulation, [l]{.smallcaps}-mimosine was withdrawn and cells were cultured for an additional 2 d. Cells were examined for IL-4, IL-10, and IL-2 expression after recall stimulation with PMA/ionomycin on day 4. (B) The frequencies of IL-4--, IL-10--, and IL-2--expressing OVA-TCR^+^ cells are shown for cells activated as described in A, compared with cells stimulated and restimulated in the continuous presence or absence of [l]{.smallcaps}-mimosine for 4 d. The specificities of the intracellular stainings for IL-4 and IL-10 were controlled by blocking the digoxigenized anticytokine detection mAbs with an excess of the respective unconjugated anticytokine mAbs (data not shown). Indicated percentages among the OVA-TCR^+^ cells are corrected for the respective control staining values. More cells than depicted were analyzed, but not plotted, to illustrate the separation of the individual generations.
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![Expression of activation markers after primary activation of Th cells, inhibited for cell cycling. CFSE-labeled, naive CD62L^+^CD4^+^ OVA-TCR^tg/tg^ cells were activated with OVA~323--339~, APCs, IL-4, anti--IL-12, and anti--IFN-γ in the presence or absence of cell cycle inhibitors, as indicated. 1 d after priming, IL-4 and the antigen were removed and anti--IL-4, anti--IL-12, anti--IFN-γ, IL-2, and fresh inhibitors were added. On day 2 after onset of stimulation, live cells were analyzed for expression of CD25, CD44, CD62L, and CD69. Induction of IL-2 expression was determined by intracellular staining after PMA/ionomycin restimulation in the presence of the indicated inhibitors at that time point. The frequencies of positive cells were determined by gating on OVA-TCR^+^ cells.](JEM990696.f5){#F5}

![Priming for IL-4 instruction is dependent on both IL-4R and TCR signaling. CFSE-labeled, naive CD62L^+^CD4^+^ OVA-TCR^tg/tg^ cells were cultivated either in the presence of IL-4 (+) or with anti--IL-4 (−) for the entire culture period, or with IL-4 for the first 36 h (0--36 h). OVA~323--339~ and APCs were either added directly after isolation of the naive Th cells (0 -- 36 h TCR stimulation), or after 72 h (72 -- 108 h TCR stimulation) or 96 h (96 -- 132 h TCR stimulation). Anti--IL-12 and anti--IFN-γ were added to all cultures. In all cultures, the antigen was withdrawn 36 h after it was added. On day 4 after stimulation with OVA~323--339~ and APCs, cells were restimulated with PMA/ionomycin and examined for expression of IL-4, IL-10, and IL-2. The specificities of the intracellular stainings for IL-4 and IL-10 were controlled by blocking the digoxigenized anticytokine detection mAbs with an excess of the respective unconjugated anticytokine mAbs (data not shown). Indicated percentages among the OVA-TCR^+^ cells are corrected for the respective control values.](JEM990696.f7){#F7}
